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Abstract 
 Teaching electromagnetism by demonstrating a practical application associated with learning content is an important 
teaching technique. Demonstrations are often performed through video-assisted procedures, and are usually limited to a one-
to-one correspondence between the application and the learning content. However, understanding of practical applications 
frequently requires understanding of learning content beyond the ones studied in electromagnetism. I designed a process to 
teach the working principles of cryogen-free superconducting magnets. Understanding of this practical application requires 
students to have knowledge of learning content from the disciplines of electromagnetism and solid state physics. The teaching 
process involved the use of homemade videos demonstrating magnet operation, which was combined with a flipped classroom 
and an active learning approach.   
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1 . Introduct ion  
 
In fo rmat ion ,  co mmu nica t ion ,  and  co mpu ta t ion a l  
t echn olo gies  a re  app l i ed  wid e ly in  edu ca t io n 1 ) .  So me  
t echn olo gies  h ave  b een  u t i l i zed  to  d e l ive r  con ten t ,  
ma kin g  u se  o f  th e  in t e rn e t ,  s imu la t ion s ,  games ,  an d  
per so n al  r esp on se  sys t e ms ,  su ch  as  c l i cker s  2 , 3 , 4 , 5 , 6 ) .  
Demo n st ra t ion  vid eo s  are  a  t echn olo gy th a t  i s  o f t en  
used  to  exp lain  to  s tu d en t s  ho w a  fu nd amen ta l  n a tu ra l  
l aw i s  r e l a t ed  to  a  p ract i ca l  app l i ca t i o n .  
Demo n st ra t ion  v id eo s  u sua l ly sho w a  on e - to -on e  
co r resp ond en ce b e tween  the  l ea rn in g  con ten t  and  th e  
ap pl i ca t ion .  Ho we ver,  u nd er s t an din g o f  p rac t i ca l  
ap p l i ca t ion s  f r eq u en t l y r eq ui res  un d er s t an din g o f  
l ea rn in g  co nten t  f ro m mul t ip l e  d i sc ip l in es .  I  h av e  
t r i ed  to  mak e  ed u cat io n a l  d emo n s t ra t ion  v id eo s  to  
fu l f i l l  th i s  r equ i remen t  in  an  un d ergradu a te  cou r se  i n  
e l ec t r i ca l  en g in eer in g .  I  focu sed  on  sup erco ndu c t in g  
ma gn e t s ,  wh ich  h ave b een  wid e ly u sed  in  ma gn e t i c  
r eson an ce  i magin g  (MRI) ,  l i n ea r  mo to r  ca r s ,  an d  
o th er  p rac t i ca l  app l i cat io ns .  In  th e  su p ercon du c t in g  
ma gn e t ,  a  magn e t i c  f i e ld  in  a  co i l  ca r ryin g  a  s t ead y  
cu r ren t  can  b e  d e r ived  u s in g  th e  B io t -Savar t  l a w,  
wh ich  i s  an  imp or t an t  e l emen t  in  th e  l ea rn in g  co nte n t  
o f  an  e l ec t ro ma gn e t i sm c l a ss .  Fu r th er mo re,  on e  n eed s  
to  kn o w th e  ph ys i ca l  p ro per t i e s  o f  su p ercond u ctor s ,  
wh ich  i s  u su a l ly  t au gh t  in  th e  so l id  s t a t e  ph ys i c s  
c l as s .  In  t h i s  p ap er,  I  r epo r t  on  th e  pro cess  o f  
t each in g  th e  wo rk in g p r in cip l es  o f  c ryo gen - f ree  
su p ercond u ct in g  magn e t s  in  an  e l ec t ro magn e t i sm 
c l ass .  Thi s  p ro cess  in volved  th e  u se  o f  ho me mad e  
v id eo s  d emo n s t ra t in g  ma gn et  op era t ion ,  wh ich  wa s  
co mbin ed  wi th  a  f l ip p ed  cl as s roo m and  an  ac t ive  
l ea rn in g  app ro ach .  
 
2 . Flipped classroom  
 
I  h ave  b een  t each in g e l ec t ro magn e t i sm wi th  th e  
ped ago gica l  app ro ach  o f  th e  f l i pp ed  c l as s ro o m 7 , 8 ) ,  
a t t r ac t in g  mu ch  at t en t ion .  S tud ent s  wa tc h  
pre reco rd ed  v id eo s ,  wh ich  a re  up lo ad ed  to  a  
co mmer c ia l  web  sys t e m.  Th e  v id eo s  exp lain  
fun d amen ta l  con cep t s  o f  e l ect ro magn e t i sm,  an d  
s tud ent s  wa tch  th e m ou t s ide  c l as s  t ime .  A sc reen sho t  
o f  th e  web  sys t e m i s  sho wn  in  F ig .  1 (a ) .  In  c l as s ,  I  
ch eck  s tud en t s '  und er s t an din g  o f  t h e  con cep t s  
expla in ed  in  th e  v id eo s ,  v i a  a  q u iz .  An exa mp le o f  a  
qu est io n  f ro m th e  qu iz  i s  sho wn  in  F ig .  1 (b ) .  S tud ent s  
g ive  th e i r  an swers  v i a  c l i cker s .  S t a t i s t i c s  o f  th e i r  
an swers  a re  immed iat e ly  d i sp l ayed  o n  th e  sc reen .  
Af t e r  ch eckin g  s tud en t s '  u nd er s t an din g  o f  th e  v id eo s ,  
I  g ive  th e  s tud ent s  an  ad van ced  exerc i se ,  wh ich  
a l lo ws  th e m to  app ly th e  kno wled ge  th ey h ave  l ea rn ed  
f ro m th e  v id eo s .   
 
 
3 . Superco nduct ing  ma g net  
 
Figu re  2 (a )  i s  a  p ho to grap h  o f  t h e  c ryo gen - f ree  
su p ercond u ct in g  ma gn e t  (Axi s ,  Mag 6 T-52 )  in  my 
l abo ra to ry.  Th e magn e t  i s  a  so l en oid  co i l  mad e  o f  a  
su p ercond u ct in g  n iob iu m- t i t an iu m (Nb -Ti )  wi re  wi th  
a  d i amete r  o f  0 .6  mm ( see  th e  in se t  o f  F ig .  2 (a ) ) .  Th e  
sch e mat i c  vi e w o f  th e  co i l  i s  sho wn  in  F ig .  2 (b ) .  Th e  
inn er  (2a 1 )  and  o u te r  (2 a 2 )  d i amete r s  a re  90  mm an d  
154  mm,  r esp ect ive ly.  Th e l en gth  ( l )  o f  th e  co i l  i s  
103  mm.  Th e  nu mb er  o f  co i l  tu rn s  ( N )  i s  8 ,84 8 .  Th e  
gen erat ed  magn e t i c  f i e ld  B  a t  th e  cen te r  o f  th e  c o i l ,  
ca r ryin g  a  s t ead y cu r ren t  I ,  can  b e ca l cu la t ed  u s in g  
th e  fo l lo win g  eq u at io n :   
𝐵 =
𝜇0𝑁𝐼
2(𝑎2−𝑎1)
ln
𝑎2+√𝑎2
2+𝑙2/4
𝑎1+√𝑎1
2+𝑙2/4
   (1 )  
where  μ 0  is  the permeabil i ty o f  f ree space .  
Equation (1 )  can be  derived us ing the  Biot -
Savart  law.  The  maximum B o f  our  magnet  i s  6  
T,  generated by I  at 85 .5 A.  
Fig .  1  ( a)  Screensho t  o f  th e  web  sys t e m wh ere  
p re reco rd ed  v id eo s  a r e  up lo ad ed .  (b )  Exa mp le  o f  
a  qu es t ion  u sed  to  ch eck  s tud en t s '  u nd er s t and in g  
o f  th e  co n cep t s  exp lain ed  in  t h e  v id eo s .  Ac tu a l  
qu iz  i s  wr i t t en  in  Jap an ese .  
Fig .  2  ( a )  Photo grap h  o f  c r yo gen  f r ee  
su p ercond u ct in g  ma gn e t .  Th e  in set  i s  t h e  
so l en oid  co i l  in  t h e  s ys t em.  (b )  Sch emat i c  v i ew 
o f  co i l .  
 The superconduct ing coi l  i s  coo led down to  
approximate ly  2 .5  K using a  hel ium gas  f low 
cryostat  (see  Fig .  2 (a ) ) .  To  understand the 
working principles  of  superconducting magnets ,  
s tudents  need to  have an und erstanding of  the 
phys ica l  properties  o f  superconductors ,  in  
addi tion  to  the  Biot -Savart law.  Zero  res is t ivi ty  
and cr i ti cal  current  densi ty  are  part i cularly  
important  concepts that  the s tudents need to  be  
fami l iar with .  
 
4 . The teachi ng  process  
 
Prio r  to  th e  c l as s  on  sup ercond u ct in g  magn e t s ,  
s tud ent s  h ave  l ea rn ed  abou t  th e  Bio t -Savar t  l a w,  
Amp ère ' s  l aw,  and  o th er  t op ics  in  th e  
e l ec t ro magn e t i sm c l ass .  The y h ave  a l so  l ea rn ed  abo u t  
th e  ph ys i ca l  p ro p er t i e s  o f sup ercon du c to r s  in  th e  
so l id  s t a t e  ph ys i cs  c l as s .  To  t each  th e  to p ic  o f  
su p ercond u ct in g  magn e t s ,  I  p a r t i a l l y  e mp lo yed  an  
ac t ive  l ea rn in g  app ro ach 9 , 1 0 , 1 1 )  in  wh ich  s tud ent s  
were  g iven  th e  o ppo r tun i ty to  con d u ct  g rou p  
d i scu ss io n s  o f  a  g iven  p ro blem.   
 
4 .  1  Introduct ion of  supe rconduct ing  mag net  
As mo s t  s tu d en t s  h ad  no  p r ior  kno wled ge  in  t h e  
top ic  o f  sup ercondu c t in g  ma gn e t s ,  I  in t rod u ced  th e  
top ic  b y presen t in g  two  prac t i ca l  ap p l i ca t ion s  o f  
su p ercond u ct in g  mag n e t s :  MRI  and  l in ea r  mo to r  ca r s .  
To  emp h asi ze  fur th e r  th e  prac t i cal  app l i cat io n s  o f  
su p ercond u ct in g  magn e t s ,  I  sho wed  a  d e mon s t ra t io n  
v id eo  o f  a  l i n ea r  mo to r  ca r.  Th e  vid eo  was  r ead i ly  
ava i l ab l e  f ro m th e  in t e rn e t .  
 
4 .  2  Li mi tat io ns  of  the  mag net i c  f i e ld  g enerate d by  
e l ec tro mag nets  
Befo re  t each in g  th e  to p ic  o f  su p ercon du c t in g  
ma gn e t s ,  I  p resen ted  to  th e  s tud ent s  a  Wei ss - typ e  
e l ec t ro magn e t  (Tama ga wa Se i saku syo ,  TM -
YSF8 615 RC -08 3) ,  wh ich  i s  i n  my l abo ra to ry ( see  F ig .  
3 (a ) ) .  I  sho wed a  3 -minu te  ho me mad e v id eo  o f  th e  
op era t ion  o f  t h e  e l ec t ro ma gn e t .  I  exp la in ed  th e  
wo rk in g  p r in c ip l es  o f  e l ec t ro magn e t s ,  e mph as i z in g  
th e  B -H  (wh ere  H  i s  th e  e x t e rn a l  f i e ld )  cu rve o f  t h e  
fe r ro magn e t i c  mate r i a l  u sed  in  th e  yo ke  ( see  F ig .  
3 (b ) ) .  Th en  I  a sked  th e  s tu d en t s  t h e  fo l lo win g  
qu est io n :  
 
Qu es t ion  1 :  Can  we  gen era t e  a  magn e t i c  f i e ld  th a t  i s  
g rea t e r  th an  2  T wi th  an  e l ect ro magn e t?  
 
Th e s tud ent s  d i scu ssed  in  gro up s ,  and  th en  gave  th e i r  
an swers  ( yes  o r  no )  v i a  c l i cker s .  Th e  an swer  i s  in  th e  
nega t ive  b ecau se th e  mag ne t i zat io n  o f  fe r ro ma gn e t i c  
mate r i a l  b eco mes  sa tura t ed ,  and  B  app ro ach es  an  
F ig .  3  ( a )  Pho to grap h  o f  e l ec t ro ma gn e t .  (b )  
Typ ical  B -H  cu rve  o f  fe r r o magn e t i c  mate r i a l s .  
asympto t i c  maximu m value wi th  increas in g H .  At  th i s  
s t age ,  s tud ent s  u nd er s tood  th a t  t h e  gen erat e d  
ma gn e t i c  f i e ld  h as  an  up per  l imi t  va lu e,  wh ich  i s  
in su ff i c i en t  to  b e  u sed  in  MRI and  l in ea r  mo tor  ca r s .  
 
4 .  3  Phy sica l  propert i es  o f  superconduct or  
I  exp la in ed  to  th e  s tu d en t s  t h at  we  h ave  s top p ed  
us in g  fe r ro magn e t i c  mate r i a l s  to  gen era t e  ma gn e t i c  
f i e ld s  t h at  a re  g rea t e r  th an  2  T.  I  fu r th e r  exp lain ed  
th a t  we  h ave  co n sid ered  u s in g a i r  co re  co i l s ,  bu t  co i l  
hea t in g  i s  th e  c r i t i ca l  i s su e .  We n eed  a  hu ge  cu r ren t  
to  gen era t e  a  l a rge  magn e t i c  f i e ld ,  b u t  t h i s  h ea t s  u p  
th e  con ven t ion a l  meta l l i c  wi re  u sed  in  a i r  co re  co i l s .  
In  con t ras t ,  sup erco ndu c to r s  p o ssess  th e  sup er io r  
p ro p er ty o f  ze ro  r es i s t an ce ,  wh ich  i s  f r ee  f ro m th e  
pro ble m o f  h ea t in g .  At  t h i s  s t age ,  I  r ev i ewed  th e  
ch arac t e r i s t i c  fea tures  o f  sup ercond u cto r s .  Thi s  top ic  
has  a l r ead y b een  t au gh t  in  th e  so l id  s t a t e  p h ys i c s  
c l as s .  I  p ro v id ed  exp lan a t ion s  o f  ze ro  r es i s t i v i ty,  
Mei ssn er  e f fec t ,  and  typ e  Ⅰ  an d  Ⅱ su p ercond u cto r s .  I  
a l so  exp lain ed  th e  impo r t an t  ph ys i ca l  p a ra met e r  o f  
c r i t i ca l  cu rren t  d en s i t y  J c ,  wh ich  or ig in a t es  f ro m th e  
Lo ren tz  fo rce  in  t yp e  Ⅱ  su p ercon du c to r s .  Lo ren tz  
fo rce  h as  a l r ead y b een  t au ght  in  t h e  e l ec t ro ma gn e t i sm 
c l ass .  I  t o ld  th e  s tud ent s  t h at  t h e  su p ercon du c t in g  
Nb -Ti  wi re  u sed  in  o u r  magn e t  h as  a  c r i t i ca l  
t emp era tu re  o f  9 .8  K .  Wi th  a  magn e t i c  f i e ld  B  o f  6  T,  
J c  o f  th e  Nb-Ti  wi re  i s  10 5  A/c m 2 .  Th u s ,  wi th  a  
d i amete r  o f  0 .6  mm,  th e  wi re  can  ca r ry a  ma ximu m 
cu r ren t  o f  28 0  A,  wh ich  i s  su ff i c i en t  fo r  gen erat in g  a  
ma gn e t i c  f i e ld  B  t h at  i s  g rea t e r  th an  2  T.  Throu gh  th e  
t each in g  p ro cess ,  I  d emo n s t ra t ed  to  th e  s tud en t s  th e  
ad van tages  o f  sup erco ndu c t in g  w i re .  
 
4 .  4  Es t i mat io n of  current  for the  g enerat ion of  6  
T  
I  p resen ted  th e  d esign  o f  o ur  sup erco ndu c t in g  
ma gn e t  ( see  F ig .  2 (b ) ) .  I  exp la in ed  th e  op era t ion  o f  
th e  sup ercond u ct in g  magn e t ,  u s in g  a  p rereco rd ed ,  3 -
minu te  ho me mad e  v id eo  (F ig .  4 ) .  Th e  v id eo  
de mon s t ra t es  th e  n eed  o f  a  coo led  co i l  and  th e  
e ffo r t l e s s  gen era t io n  o f  a  magn e t i c  f i e ld  B  th a t  i s  
g rea t e r  th an  2  T.  I  sho wed  th e  s tud en t s  th e  s imp le  
fo rmu la  B=μ 0 n I ,  wh ere  n  i s  th e  n u mb er  o f  co i l  t u rn s  
pe r  un i t  l en g th ,  wh ich  h as  a  va lu e o f  8 .6×10 4  tu rn s /m 
fo r  ou r  ma gn e t .  I  p e r fo rmed  th e  ca l cu la t ion s  to  
es t imate  th e  va lu e  o f  I ,  th e  cu r ren t  ca r r i ed  b y th e  wi r e ,  
need ed  to  gen era t e  a  ma gn et i c  f i e ld  B  o f  6  T.  Th e  
ca l cu la t ion s  r esu l t ed  in  an  es t imated  cu r ren t  o f  56  A,  
wh ich  i s  smal l e r  th an  th e  va lu e  o f  8 9  A no ted  in  th e  
sp ec i f i ca t io n  sh ee t  o f  t h e  ma gn e t .  Th en  I  a sked  th e  
s tud ent s  t h e  n ex t  qu es t io n :  
 
Qu es t ion  2 :  Wh at  i s  a t  t h e  o r ig in  o f  t h e  d i ffe ren ce  
be tween  th e  cu rren t  ob tained  f ro m B=μ 0 n I  and  th a t  
no ted  in  t h e  sp eci f i ca t ion  sh ee t ?  
 
A fe w gro up s o f  s tud en t s  con c lu d ed  th a t  i t  wa s  
becau se th e  l en gth  o f  th e  sup erco ndu c t in g  co i l  i s  
f i n i t e ,  whi l e  th e  fo rmu la  i s  d e r ived  fo r  a  so l eno id  co i l  
wi th  in f in i t e  l en g th .  
 
 
Fin a l ly,  s tud en t s  i n  g rou p s  co n sid ered  th e  fo l lo win g  
qu est io n :  
 
Qu es t ion  3 :  Ho w can  we  o b ta in  es t imates  o f  th e  
F ig .  4  Screen sho t  o f  ho me mad e  v id eo  
expla in in g  th e  op era t ion  o f  t h e  
su p ercond u ct in g  ma gn e t .  
curren t  wi th  h igher  accuracy?  
 
Th e q u est io n  i s  d i ff i cu l t ,  an d  a f t e r  15 ~ 20 minu te s  o f  
g ro up  d i scu ss io n  ( see  F ig .  5 (a ) )  and  p resen ta t ion  b y  
a  s tu d en t  r ep resen ta t ive  ( see  F ig .  5 (b ) ) ,  I  p resen ted  
Equ a t ion  (1 )  to  th e  s tud ent s .  I t  i s  a  fo rmu la  th a t  i s  
mo re prec i se  and  i t  can  be d e r ived  u s in g  th e  Bio t -
Savar t  l aw.  
 
4 .  5  Summary  
I  h ave  r ep or t ed  on  a  t each in g p ro cess  th a t  in volved  
th e  edu ca t ion a l  d emo n st ra t io n  o f  a  c r yo gen - f re e  
su p ercond u ct in g  ma gn e t .  To  und er s t and  th e  wo rk in g  
pr in c ip l es  o f  sup ercon du c t in g  magn e t s ,  s tud en t s  n eed  
kno wled ge  o f  e l ec t ro ma gn et i sm an d  so l id  s t a t e  
ph ys i cs .  Th e d emo n st ra t ion  was  co ndu c ted  th rou g h  
ho me mad e  v id eo s ,  co mb in ed  wi th  an  act ive  l ea rn in g  
ap pro ach .  S tud ent s  co ndu c ted  grou p  d i scu ss ion s  o n  
th e  l i mi t a t io n s  o f  co n vent ion a l  e l ec t ro magn e t s  i n  
gen erat in g  l arge  magn e t i c  f i e ld s ,  an d  on  th e  
ca l cu la t ion  o f  ma gn e t i c  f i e ld s  gen era t ed  b y  
su p ercond u ct in g  magn e t s .  Fu r th e rmo re ,  s tud en t s  
l ea rn ed  abo ut  th e  ad van tages  o f  su p ercon du c t in g wi re  
in  gen erat in g  th e  l arge  ma gn e t i c  f i e ld s  n eed ed  for  
MRI and  l in ea r  mo tor  ca r s .  I  hope  many students 
have become aware  that ,  t o  und er s t an d  prac t i ca l  
ap p l i ca t ion s  o f  fund amen ta l  n a tu ra l  l aws ,  
und er s t and in g  o f  l ea rn in g  co nten t  f ro m mu l t ip l e  
d i sc ip l in es  i s  n ecessa ry.  
 
5.  Ac know ledg e ment   
 
I  ackno wled ge th e  Ac ce le rat io n  P ro gra m fo r  
Un iver s i t y  Edu ca t ion  Reb ui ld in g  f ro m th e  Mini s t ry  
o f Edu ca t ion ,  Cu l tu re ,  Spo r t s ,  Sc i en ce and  
Techno lo g y fo r  th e  sup p or t  o f  sys t e m F ITRep lay,  
wh ich  mad e  th e  up lo ad in g  o f  th e  p re reco rd ed  v id eo s  
po ss ib l e .  I  am a l so  gra t e fu l  fo r  th e  f i n an c ia l  sup po r t  
f ro m th e  b ud ge t  co mmi t t ee  o f  Fu kuo ka  In s t i tu t e  o f  
Techno lo g y.  Thi s  wo rk  was  p e r fo rmed  und er  ou r  
accep ted  pro j ec t s  " In t rod uc t ion  o f  c l i cker s  i n  th e  
f l ip p ed  c l as s roo m" and  " In t rod u ct io n  o f  c ryo gen - f re e  
su p ercond u ct in g  magn e t s ,  a imin g  a t  ad van ce d  
ed u ca t io n  an d  r esea rch " .  I  th an k  Tin a Tin ,  Ph D,  f ro m 
Ed an z  Group  (www.ed an zed i t i n g. co m/ac)  fo r  ed i t in g  
a  d ra f t  o f  th i s  manu scr ip t .  
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